omeostasis is a self-regulating process that maintains the peripheral T cell pool at relatively constant levels throughout adulthood. Regulation of T cell numbers is achieved through different mechanisms (survival, proliferation, and apoptosis; reviewed in refs. 1 and 2) and may be important in restoring the T cell pool after insults that cause lymphopenia or in promoting or down-regulating a particular cell subset during an immune response. The specific signals that regulate T cell homeostasis differ depending on the state of cellular differentiation and include (i) cell-to-cell contact, involving interactions between the T cell receptor (TCR) and peptide͞MHC complexes (TCR ''tickling''), and (ii) soluble factors, including cytokines (reviewed in ref.
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omeostasis is a self-regulating process that maintains the peripheral T cell pool at relatively constant levels throughout adulthood. Regulation of T cell numbers is achieved through different mechanisms (survival, proliferation, and apoptosis; reviewed in refs. 1 and 2) and may be important in restoring the T cell pool after insults that cause lymphopenia or in promoting or down-regulating a particular cell subset during an immune response. The specific signals that regulate T cell homeostasis differ depending on the state of cellular differentiation and include (i) cell-to-cell contact, involving interactions between the T cell receptor (TCR) and peptide͞MHC complexes (TCR ''tickling''), and (ii) soluble factors, including cytokines (reviewed in ref. 3) . Naive ␣␤ T cells require both TCR and IL-7 stimulation for survival: in the absence of either signal, the lifespan of naive ␣␤ T cells appears strongly reduced (4) (5) (6) (7) (8) (9) . In contrast, the survival of memory ␣␤ T cells is MHC independent (10) (11) (12) , whereas memory CD8 ϩ ␣␤ T cells have a more stringent survival requirement for IL-7 than memory CD4 ϩ ␣␤ T cells (7, 8) . IL-15 also acts as a proliferative factor for memory CD8 ϩ T cells, promoting their slow turnover in normal hosts (13) (14) (15) . The signals required for homeostasis of other T cell subsets (such as ␥␦ T cells, natural killer (NK)-T cells, and CD25 ϩ -regulatory T cells) are less well defined.
NK-T cells are ␣␤ T lymphocytes that coexpress NK cell markers, including NK1.1 and inhibitory MHC-specific receptors. NK-T cells are heterogeneous and can be categorized on the basis of their phenotype, developmental origin, selection by MHC, and distribution in peripheral organs (reviewed in refs. 16 and 17) . The type I NK-T cell subset is positively selected in the thymus by CD1d͞␤ 2 -microglobulin complexes expressed by CD4 ϩ 8 ϩ (double-positive) cortical thymocytes and displays a highly skewed TCR repertoire, composed of an invariant V␣14-J␣18 chain, paired with a restricted set of TCR␤ chains (reviewed in ref. 18 ). V␣14 
CD8
Ϫ (double-negative) and, upon TCR engagement or cytokine stimulation, release large amounts of IL-4, IL-10, transforming growth factor ␤, and IFN-␥ and transactivate conventional T, B, and NK cells (19) . Although the essential physiological roles for V␣14 ϩ NK-T cells remain poorly defined, these cells may play a role in graft-vs.-host disease, antitumor responses, and certain autoimmune conditions, including type I diabetes (reviewed in refs. 20 and 21) . The ability of NK-T cells to rapidly respond under a variety of conditions suggests that they act as defense sentinels.
An instructive model of intrathymic NK-T cell development involves random rearrangement of TCR␣ and TCR␤ chains, resulting in the formation of V␣14-J␣18͞V␤2, V␤7, and V␤8 TCRs; engagement of these semiinvariant TCRs by CD1d molecules then commits these double-positive thymocytes to the NK-T lineage (reviewed in refs. [16] [17] [18] . By using CD1d tetramers loaded with the synthetic lipid ␣-galactosylceramide (CD1d͞ ␣-galactosylceramide), type I NK-T cells bearing V␣14-J␣18 paired with V␤2, V␤7, or V␤8 can be identified (22) . Once selected by CD1d molecules, V␣14-J␣18͞V␤2, V␤7, or V␤8 thymocytes are CD4 ϩ/Ϫ and NK1.1 Ϫ ; these V␣14 ϩ NK-T precursors have the capacity to produce IL-4 but require additional, as-of-yet-unidentified signals, which can drive the acquisition of NK lineage markers. This NK-T cell maturation may occur intrathymically or in the periphery (23, 24) . V␣14 ϩ NK-T cells accumulate in the liver, spleen, and bone marrow and reach steady-state levels by Ϸ3 weeks of age. This general model of NK-T cell differentiation is consistent with previous studies of NK-T cells in common cytokine receptor ␥ chain (␥ c )-deficient mice, in which thymocytes expressing V␣14-J␣18 transcripts and having IL-4-producing capacity were identified (25) . Still, these cells lacked expression of NK1.1 and inhibitory Ly49 receptors, suggesting that ␥ c signals were required for NK-T cell maturation.
BrdUrd incorporation studies have shown that peripheral V␣14 ϩ NK-T cells are a slowly dividing population (23, 26) . However, the NK-T cell pool is labile: IL-12 or anti-CD3 antibodies can rapidly deplete hepatic and splenic NK-T cells, which replenish in a thymus-independent fashion (26) . Still, the relative contribution of (i) NK-T cell redistribution (from the bone marrow, spleen, and liver), (ii) NK-T cell differentiation (from NK1.1 Ϫ to NK1.1 ϩ ), and (iii) homeostatic NK-T cell expansion to the maintenance of peripheral NK-T cell homeostasis is less clear. In this study, we use an adoptive transfer system to assess the roles of MHC vs. cytokine signaling in the homeostatic regulation of peripheral V␣14 ϩ NK-T cells. A similar approach was recently used to examine the requirements for homeostasis of thymic V␣14 ϩ NK-T cells (27) . (32) were intercrossed with Rag°␥ c°m ice to generate alymphoid hosts deficient in these cytokines. Mice transgenic for a functionally rearranged V␣14-J␣18 TCR␣ chain on the TCR␣-deficient C57BL͞6 background (V␣14Tg) have been described (33) . All mice were maintained in specific pathogen-free conditions at The Pasteur Institute and were used at 4-10 weeks of age.
Isolation of Lymphoid Cells and Flow Cytometric Analysis. Single-cell suspensions from peripheral lymph nodes, spleen, and liver were prepared and cell surface immunofluorescence was performed as described (34) . Samples were analyzed by using a FACSCalibur flow cytometer with CELLQUEST 3.3 software (Becton Dickinson). The following mAbs directly conjugated to FITC, phycoerythrin, biotin, or allophycocyanin were used: V␤8.1͞8. 
Assays of NK-T Cell Effector Functions.
Adoptive transfer of total V␣14Tg lymph node cells were made into Rag°␥ c°m ice. After 3 days, 2 g of purified anti-CD3 antibody was injected i.v. into recipient mice. Ninety minutes later, NK-T cell effector functions were assessed by (i) intracellular T cell IFN-␥ staining and (ii) B cell CD69 up-regulation. For intracellular cytokine detection, total splenocyte cell suspensions were incubated for 1 h in RPMI medium 1640͞5% FCS containing brefeldin A (10 g͞ml) to block cytokine secretion. Surface-stained cells (TCR␤, CD19) were fixed for 1 h in PBS containing 2% paraformaldehyde, and intracellular cytokines were detected by using a phycoerythrinconjugated IFN-␥ (XMG1.2) or control rat IgG1 in PBS containing 0.5% saponin. For cell transactivation, CD19 ϩ cells from control or anti-CD3 mAb-injected mice were analyzed for CD69 expression.
Statistics. P Ͻ 0.05, obtained by using the Mann-Whitney t test, was considered significant.
Results and Discussion
Analyzing Signals for Peripheral Homeostasis of CD1d-Restricted V␣14 ؉ NK-T Cells. Mice transgenic for a functionally rearranged V␣14-J␣18 invariant TCR␣ chain on a TCR C␣ Ϫ/Ϫ background (V␣14Tg) have been extensively characterized (22, 33, 35, 36) . These mice show an increase in the frequency of NK1.1 ϩ T cells in the spleen, lymph nodes, and liver (refs. 33, 35 , and 36 and data not shown). Previous studies using CD1d͞␣-galactosylceramide tetramers demonstrated bona fide generation of type I NK-T cells in V␣14Tg mice (22) . CD1d-reactive T cells from V␣14Tg mice were found to have the following characteristics: (i) they were enriched in CD4 Ϫ CD8 Ϫ or CD4 ϩ cells; (ii) they showed an increased frequency of V␤2, V␤7, and V␤8.1͞8.2 usage; and (iii) they contained both NK1.1 ϩ and NK1.1 Ϫ subsets. In contrast, the CD1d͞␣-galactosylceramide tetramer nonreactive T cell subset from V␣14Tg mice was NK1.1 Ϫ and severely depleted in V␤2, V␤7, and V␤8.1͞8.2 chains. We therefore followed the fate of two partially overlapping CD1d-reactive V␣14 ϩ T cell subsets (NK1. T cells were determined, and the degree of CFSE dilution in each subset was analyzed in the spleen and in the liver of the recipient mice 1, 3, and 5 days after transfer (Fig. 1) . In alymphoid hosts, the following observations were made: (i) Ϸ0.5% of injected CFSE ϩ T cells from V␣14Tg mice were found in the spleens of recipient mice at day 1 after transfer, and 5-fold less were found in the liver; this recovery was similar to that observed by using transfer of monoclonal transgenic T cells or polyclonal lymph node conventional T cells (refs. 4, 7, and 9 and data not shown); (ii) V␣14 ϩ T cells divided extensively in Rag°␥ c°m ice; by 3 days after transfer, Ϸ90% of cells had divided, and, by day 5, essentially all cells had entered the cell cycle ( Fig. 1 A) ; (iii) the CD1d-reactive V␤8.1͞8.2 ϩ and NK1.1 ϩ V␣14 ϩ T cell subsets divided in a similar extensive fashion (Fig.  1B) ; (iv) the absolute numbers of V␤8.1͞8.2 ϩ T cells and NK1.1 ϩ T cells increased in Rag°␥ c°h osts from day 1 to day 5 after transfer, resulting in a 15-fold (spleen) and 17-fold (liver) increase for V␤8.1͞8.2 ϩ T cells and a 31-fold (spleen) and 20-fold (liver) increase for NK1.1 ϩ V␣14 ϩ T cells (Fig. 1C) . Collectively, this short-term adoptive transfer assay demonstrates that CD1d-reactive V␣14 ϩ T cells have the potential for extensive homeostatic proliferation.
In contrast, in recent studies, Matsuda et al. (27) found that thymus-derived V␣14 ϩ NK-T cells had a limited capacity for homeostatic expansion after transfer to irradiated wild-type C57BL͞6 mice compared with conventional ␣␤ T cells, which could divide extensively. To determine whether thymic vs. peripheral NK-T cells had different proliferative capacities, we performed adoptive transfers to irradiated C57BL͞6 mice ( Fig. 1 A and C) . Peripheral V␣14 ϩ T cells divided poorly in these hosts (similar to the division observed with thymic NK-T cells; ref. 27) , and, by day 5 after transfer, we recovered 7-to 14-fold less V␣14 ϩ cells compared with the nonirradiated alymphoid recipients. Because irradiation effectively reduced the endogenous T cell pool (by Ͼ95%; data not shown), our results suggest that other host factors can modify the behavior of adoptively transferred V␣14 ϩ
NK-T cells (see below).

MHC Molecules Are Not Required for Peripheral V␣14 ؉ NKT Cell
Homeostasis. CD1d recognition is essential for the intrathymic selection of V␣14 ϩ NK-T cells, although its role in the homeostasis of peripheral NK-T cells is unknown. MHC-deficient alymphoid mice (Rag°␥ c°I°I I°) were generated and, as expected, had markedly reduced expression of MHC class I and background expression of class II and CD1d (data not shown). Transfers of V␣14 ϩ T cells into Rag°␥ c°a nd Rag°␥ c°I°I I°mice were analyzed in parallel. Surprisingly, the homeostatic expansion of V␣14 ϩ T cells was not modified by the absence of MHC molecules ( Fig.  2A) . V␤8.1͞8. control for cell-autonomous changes in B cell phenotype) into Rag°␥ c°r ecipients. No evidence of spontaneous T cell IFN-␥ production or B cell transactivation was observed after adoptive transfer (Fig. 2C) ; in contrast, the transferred V␣14 ϩ T cells could be stimulated in vivo by anti-CD3, resulting in IFN-␥ synthesis and up-regulation of B cell CD69 expression (Fig. 2C) .
These results indicate that short-term survival and homeostatic expansion of V␣14 ϩ NK-T cells transferred into alymphoid mice does not require continuous interaction with CD1d molecules. In this respect, CD1d-reactive V␣14 ϩ T cells are more similar to memory ␣␤ T cells than naive ␣␤ T cells in their requirements for MHC interactions in the periphery. Finally, it would be logical that peripheral maintenance of NK-T cell should be driven by mechanisms independent of CD1d engagement: activation of these cells should be tightly controlled considering the potent effector functions elicited by triggering their TCR. 
T cells in
Rag°15°mice was even more striking by day 5 after transfer (NK1.1 ϩ Rag°␥ c°s pleen, 20,200 Ϯ 17,000; liver, 2,300 Ϯ 2,000; Rag°15°spleen, 600 Ϯ 500; liver, 18 Ϯ 11; P ϭ 0.04 for spleen and liver). Examination of the CFSE dilution profiles in the few remaining V␣14 ϩ T cells in Rag°15°mice demonstrated that IL-15 also appeared necessary for their proliferation (Fig. 3B) . Collectively, these results identify a critical role for IL-15 in the survival and expansion of peripheral CD1d-reactive V␣14 ϩ T cells.
IL-15 is required for NK cell development (32) . Because NK cells and NK-T cells share a number of phenotypic and functional characteristics, we hypothesized that these two cell types might compete for peripheral resources, including IL-15. IL-15 availability could offer an explanation for the observations that V␣14 ϩ T cells divide poorly in irradiated C57BL͞6 mice ( Fig. 1 A  and ref. 27 ): although endogenous T cells were strongly reduced in these hosts, splenic NK cells were still present in half their normal numbers (1.3 Ϯ 0.3 ϫ 10 6 cells in control C57BL͞6 mice vs. 0.5 Ϯ 0.09 ϫ 10 6 cells in irradiated C57BL͞6 mice). We compared the behavior of CFSE ϩ V␣14 ϩ T cells after transfer into NK cell-replete Rag°mice and NK cell-deficient Rag°␥ c°m ice ( Fig. 3 B and C) . We found that presence of endogenous NK cells reduced the absolute numbers of splenic and hepatic V␤8.1͞8.2 ϩ and NK1.1 ϩ T cells recovered after adoptive transfer. Moreover, partial depletion of NK1.1 ϩ cells in Rag°recip-ients allowed for more extensive proliferation of transferred V␣14 ϩ T cells (Fig. 3D) . Similar results have been reported with thymic V␣14 ϩ T cells (27) . These results demonstrate that endogenous NK cells can affect the behavior of adoptively (Fig. 3 B and C) . Matsuda et al. (27) reported that IL-7 played a minor role in the homeostasis of V␣14 ϩ T cells, which could reflect the behavior of thymic vs. peripheral V␣14 ϩ NK-T cells. Our results demonstrate that IL-7 does not play an essential role in the maintenance of peripheral CD1d-reactive V␣14 ϩ T cells.
Concluding Remarks. Homeostasis of the T cell pool is controlled at multiple levels and influenced by thymic production and by survival, proliferation, and death of peripheral cells. Previous studies have focused on the signals (TCR and cytokines) that influence peripheral T cell homeostasis (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . It has become clear that these signals are not the same for all T cell subsets. Although interactions between the TCR and peptide͞MHC complexes appear necessary for naive T cell survival and proliferation, these signals are dispensable for homeostatic expansion of memory T cells and CD1d-reactive V␣14 ϩ T cells. Cytokines are also essential for the homeostasis of conventional T cells and CD1d-reactive V␣14 ϩ T cells, although the specific cytokine requirements differ. IL-7 promotes the survival of naive T cells and their proliferation in lymphopenic hosts (7) (8) (9) . In contrast, CD1d-reactive V␣14 ϩ T cells use a distinct cytokine, IL-15, for peripheral survival and proliferation. In this way, V␣14 ϩ T cells more closely resemble memory CD8 ϩ T cells and NK cells (38, 39) in their requirements for homeostasis. MHC engagement appears necessary for memory T cell effector functions (40) ; whether CD1d plays an analogous role for V␣14 ϩ NK-T cells remains to be determined. How the diverse signals generated through TCR͞cytokine stimulation are integrated and decoded into intracellular biochemical pathways for peripheral T cell maintenance is unclear. However, preliminary data suggest that overexpression of the antiapoptotic factor Bcl-2 alone is insufficient to replace the maintenance role played by IL-15 in V␣14 ϩ T cells (data not shown). Competition for peripheral resources clearly affects the homeostatic equilibrium of the T cell pool. For example, the presence of mature T cells in the host can limit the expansion capacity of adoptively transferred T cells, presumably through competition for IL-7 (reviewed in refs. 1-3). How T cells compete for environmental resources (peptide͞MHC complexes, cytokines, adhesion molecules, etc.) remains unknown. Our observations highlight additional complexity by demonstrating that non-T cells (NK cells) can influence the peripheral homeostasis of certain T cell subsets. NK-T cell homeostasis may occur at the level of IL-15 availability in the host, a notion supported by our adoptive transfer experiments. Under situations in which IL-15 is limiting (wild-type or Rag°mice with a full NK cell compartment), expansion of V␣14 ϩ NK-T cells is modest. In contrast, transfer to Rag°␥ c°m ice (which may have higher steady-state IL-15 levels) allows for a greater degree of NK-T cell expansion. As such, changes in the absolute numbers of one of these subsets in vivo could have an effect on other IL-15-dependent lymphoid subsets. The biological consequences of lymphocyte competition for peripheral resources merits further investigation.
